Nonlinear Bethe-Heitler pair creation with attosecond laser pulses at the LHC 
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The creation of lepton pairs (e^e~ and via multiphoton absorption in collisions of ultra- 

relativistic ion beams with ultrashort high-frequency laser pulses is considered. Both the free and 
the bound-free production channels are addressed, where in the latter case the negatively charged 
lepton is created in a bound atomic state. It is shown that these nonlinear QED processes are 
observable when a table-top source of intense xuv or x-ray laser radiation is operated in conjunction 
with the LHC. We discuss the relative effectiveness of protons versus Pb ions and specify for each 
pair production channel the most suitable collision system. 
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I. INTRODUCTION 

The Large Hadron Collider (LHC) at CERN (Geneva, 
Switzerland) is currently starting operation It will 
reach ion energies up to 7 TeV/nucleon corresponding to 
proton beams with a Lorentz factor of 7 w 7000 and Pb 
nuclei with 7 « 3300. The main physics objectives of this 
new machine are the search for the Higgs boson and for 
physics beyond the standard model [2]. In this note we 
describe an application of the LHC for exploring a yet un- 
observed nonlinear quantum electrodynamic (QED) pro- 
cess, namely lepton-antilepton pair creation in combined 
nuclear and laser fields. Also other QED processes in 
this kind of field combination are presently under the ac- 
tive scrutiny of theoreticians, such as photon- fusion or 
Delbriick scattering This research domain might be- 
come interesting for LHC once its major tasks have been 
accomplished. 

The creation of e^e" pairs in intense laser fields is en- 
countering a growing interest in recent years It has 
been stimulated by a pioneering experiment at SLAC 
(Stanford, USA) where e^e~ pair creation was observed 
in the collision of a 30 GeV 7-photon with an optical 
laser pulse of 10^* W/cm^ intensity [5]. The high-energy 
photon was first produced by Compton backscattering of 
the same laser beam off a 46 GeV electron beam. Due 
to the high photon density in the intense laser pulse, the 
simultaneous absorption of more than one laser photon 
is possible with a non-negligibly small probability. In the 
experiment, n = 5 laser photons of hujQ ~ 2 eV combined 
their energies with the 7-photon upon the collision to 
overcome the pair creation threshold: 7 + moa — > e^e^ 
(nonlinear Breit- Wheeler process). The characteristic 
feature of intense laser radiation to allow for such mul- 
tiphoton processes is intensively being studied at lower 
energies in atomic physics Q. 

Inspired by the SLAC result, several theoreticians have 
calculated the production of e+e^ pairs in head-on col- 
lisions of relativistic ion beams with laser radiation (see 
0, B i, [M [H E [il and references therein). In this 
situation the Compton channel is suppressed by the large 
projectile mass and pair creation occurs predominantly 



through the nonlinear Bethe-Heitler mechanism where a 
virtual photon from the Coulomb field combines with n 
real laser photons to produce the pair: 
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(1) 



The counterpropagating-beam geometry enhances the 
laser frequency to « 27W0 in the nuclear rest frame 
by the relativistic Doppler shift. While the usual Bethe- 
Heitler process by a single high-energy photon was mea- 
sured already in the late 1940s [3, 111, 0, Il3|> its non- 
linear generalization ([T]) has not been observed yet. The 
theoretical proposals have been based on the hypothet- 
ical combination of two large-scale facilities: (a) either 
the LHC together with a petawatt-class infrared laser of 
intensity / ~ lO^^ W/cm^ such as the HERCULES laser 
at the University of Michigan (Ann Arbor, USA) [l^ or 
the VULCAN laser at Rutherford Applcton Lab (Didcot, 
UK) [1^; (b) or an ordinary but still powerful ion accel- 
erator providing 7 ^ 50 combined with an x-ray free- 
electron laser (XFEL) of frequency fvjjQ ~ lOkeV; cor- 
responding XFEL beam lines are presently under devel- 
opment at SLAC and DESY (Hamburg, Germany) [20l |. 
These mergings are difficult to realize since in all cases 
the ion accelerator and laser facility are large in size and 
located at different places. (Note that the HERA pro- 
ton accelerator at DESY has been shut down in 2007, 
unfortunately. ) 

In the present paper we show that a solution to this 
obstacle is offered by a new development in laser sci- 
ence. Via high-harmonic generation from laser-irradiated 
atomic gas jets it has recently become possible in var- 
ious laboratories to produce intense trains of attosec- 
ond laser pulses with frequencies in the xuv domain 
(fe^n_~ 100 eV) and focussed intensities of ~ lO^'' W/cm^ 
[21I . |23 | . Even higher intensities might be reachable with 
attosecond pulses from plasma surface harmonics [23j . 
These ultra-short pulses hold promising prospects for 
time-resolved spectroscopy of the electron dynamics in 
atoms and molecules. Here, however, we propose an un- 
usal application of the attosecond technology in high- 
energy physics. Since the corresponding experimental 
devices are of table-top size it is conceivable to bring 
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them to LHC. The Doppler-shifted laser frequency in the 
ion frame would be sufficiently large to generate e"''e^ 
pairs by few-photon absorption. We present correspond- 
ing production rates for proton and Pb impact, which 
indicate experimental feasibility of the process. We also 
briefly discuss /i^/i^ pair creation by utilizing envisaged 
table-top x-ray devices. 



II. ELECTRON-POSITRON PAIR CREATION 

From a theoretical point of view the available attosec- 
ond pulse trains (APTs) are weak in the sense that the 
Lorentz-invariant intensity parameter ^ = eEo/muo is 
much smaller than unity. Here, Eq denotes the peak elec- 
tric field strength of the linearly polarized laser beam, — e 
and m are the electron charge and mass, respectively, and 
we employ natural units {h = c = I). For the available 
APTs its value is ^ ~ 10^''. In this regime of laser- 
matter coupling a process involving n photons could be 
calculated within n-th order of perturbation theory in 
the photon field. It is, however, more convenient to work 
within the framework of laser-dressed QED employing 
relativistic Volkov states [l^, |2^. The latter are exact 
analytical solutions of the Dirac equation in the presence 
of an external plane-wave laser field. They allow to in- 
clude the interaction of the leptons with the laser field 
up to all orders. With regard to nonlinear Bethe-Heitler 
pair creation, the remaining interaction with the nucleus 
may be treated in lowest-order of perturbation theory. 
Within this approach, the amplitude taken in the nuclear 
rest frame reads 



(x) 



(2) 



with the static nuclear potential Vion{r) = Ze/r, the nu- 
clear charge number Z, and the Volkov states '^pj_^s± (x). 
The leptons are characterized by their four- momenta p± 
and spin projections s± outside the laser field. Although 
the laser field is treated as a classical electromagnetic 
wave, photons arise from a mode expansion of the oscil- 
latory parts in Eq. ^ which contains multiphoton pro- 
cesses of arbitrary order. The leading-order rate for non- 
linear Bethe-Heitler pair creation by absorption of n laser 
photons scales like i?^"^ ~ Accordingly, the SLAC 
experiment found a reaction rate ~ Higher-order 
corrections stem from additional photon exchange which 
goes beyond the minimum photon number required from 
energy conservation. For example, when pair creation 
is energetically possible by two-photon absorption there 
will be small additional contributions where more than 
two photons have been absorbed. These corrections to 
the leading-order term are suppressed by an additional 

factor. As an alternative to the 5- matrix approach, 
the laser-dressed polarization operator can be employed 
to calculate total pair creation rates pTj . 
The lowest-order term of the rate expansion in powers of 

gives the famous result of Bethe and Heitler for pair 



creation by a single photon. In the high-energy limit 
Lu ^ 2m, the rate can be written in closed-form as 
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(3) 



referring to the rest frame of the nucleus. Here, a de- 
notes the QED fine-structure constant. The rate ([3]) can 
be converted into a cross section by dividing out the pho- 
ton flux j = wm^^^/87ra. This result is independent of 
the photon polarization. We note that in multiphoton 
physics total probabilities are preferably given as reac- 
tion rates since the cross section for a multiphoton pro- 
cess CT*^"-' = still involves powers of and thus 
depends on the incoming photon intensity. The next- 
to-leading order correction term to Eq. ([3]) has been ob- 
tained in Inll: 
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and describes processes where either two photons create 
the pair or a second photon is absorbed by one of the 
leptons after the creation. The correction ([4]) would have 
an appreciable effect in stronger laser fields with ?i 0.1 
where it reaches the percent level. Corresponding xuv 
intensities are likely to be attainable from plasma har- 
monics [2^ . Signatures of the additional photon involved 
would also arise in the energy spectra of the created par- 
ticles. In the opposite nonrelativistic limit close to the 
energetic threshold (w — 2m ^ to) the one-photon Bethe- 
Heitler rate reads 
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For frequencies in the range m < lu < 2m the Bethe- 
Heitler process can only proceed nonlinearly via two- 
photon absorption. The result corresponding to Eq. ([5]) 
now reads 
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for a linearly polarized laser wave |ll| . It is interest- 
ing that the frequency scaling becomes ~ (cj — m)^ for 
circular laser polarization. Polarization dependence is a 
characteristic feature of nonlinear processes, in general. 
Let us consider the collision of an intense APT (wg = 
100 eV, ^ = 1.4 X lO"'') with the LHC ion beams. For 
proton impact with 7 = 7000 an e^e" pair is produced by 
one-photon absorption since lu = 1.4 MeV. By numerical 
calculations based on Eq. ([2]) we obtain a corresponding 

lab-frame rate of ~ 5.79 x 10^ s~^ which is in rea- 
sonable agreement with the threshold formula (O. The 
latter slightly overestimates the rate by a factor of 2 since 
the frequency value lies above its range of applicability. 
Note that the rate in the lab-frame is reduced by a factor 
because of relativistic time dilation with respect to 
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the ion-frame. When Pb projectiles with 7 = 3300 are 
used instead, two photons are needed to overcome the 
energy barrier. The higher-order in leads to a smaller 
total rate of 2.53 x lO-^s'^ Coulomb correc- 

tions to the first-order treatment of the nuclear field in 
Eq. ([2]) could slightly modify this value. For comparison 
we note that a proton at the same speed leads to a rate 
of R^ll « 3.76 X 10-6 s-i. These numbers agree with 
Eq. (jB)), again within a factor of 2. Our results are sum- 
marized in Table I. The rates can be transformed into 
total yields by taking the laser pulse length and repeti- 
tion rate as well as the projectile beam density into ac- 
count. We assume that in the experiment a single LHC 
ion bunch containing iVjon ~ 10"'^^ particles is used. It 
has a transverse radius of about pion ~ 16 fJ-m and cir- 
culates with a revolution frequency of /ion ~ 11 kHz Q. 
An APT of 30 fs total duration is supposed, consisting 
of 25 single attosecond pulses with a duration of 300 as 
each. The effective time when the field is present in the 
APT thus amounts to r = 7.5 fs. Note here that the 
individual attosecond bursts are separated by half a pe- 
riod of the driving optical laser. The train repetition rate 
can be synchronized with the circulating ion beam, i.e. 
/apt = /ion- The typical diameter of an APT is on the 



order of 10 fim so that we may assume perfect overlap 
with the ion beam. The number of pair creation events 
per unit of time is determined by iVcv = -RiabMon/ionT/2, 
with the factor of 1 /2 arising from the relative beam ve- 
locity. We obtain 0.1 nonlinear Bethe-Heitler pair cre- 
ation events per second via two-photon absorption from 
the APT colliding with the LHC Pb beam. This event 
rate seems to render experimental observation feasible. 
For comparison we note that about 2400 e^e~ pairs per 
second are produced through the ordinary (linear) Bethe- 
Heitler process when the 7 TeV proton beam is used in- 
stead. 

Wc point out that the duration of the single attosec- 
ond spikes in the APT amounts to 300 as/27 ~ 30 zs 
in the projectile frame [2^, This value approaches 
the natural QED time scale of 1/m ~ Izs = 10"^^ s. 
The combination of ultrarelativistic particle beams with 
ultrashort laser pulses might therefore allow for pump- 
probe experiments on the structure of the physical vac- 
uum when a first zeptosecond spike prepares a certain 
electron-positron state which is analyzed by a subsequent 
spike. The pump-probe technique is very successfully ap- 
plied in atomic physics for time-resolved measurements 
of processes occuring on the fs and sub-fs scale [2ll |. 



TABLE I: Lepton pair creation rates in collisions of ultrarel- 
ativistic proton and Pb beams with xuv or x-ray laser pulses. 
The rates were obtained by numerical calculations based on 
Eq. ([2} and refer to a single projectile ion. The xuv (x-ray) 
laser intensity is 1.78x10^" W/cm^ (2.54x 10^^ W/cm^). The 
laser fields are assumed monochromatic and linearly polar- 
ized. 



produced pair 


projectile 


7 


liLjQ [keV] 


hiu [MeV] 


photon order 


lab-frame rate [s ^] 


free e^e" 


P 


7000 


0.1 


1.4 


1 


5.79 X 10^ 




P 


3300 


0.1 


0.66 


2 


3.76 X IQ-^ 




Pb 


3300 


0.1 


0.66 


2 


2.53 X 10-2 


bound-free e"'"e- 


P 


7000 


0.1 


1.4 


1 


6.09 X 10"^ 




Pb 


3300 


0.1 


0.66 


2 


4.08 X IQ-i 


free 


P 


7000 


12 


168 


2 


8.25 X 10"^ 




P 


3300 


12 


79 


3 


7.77 X 10-^5 




Pb 


3300 


12 


79 


3 


6.59 X 10"^^ 



III. BOUND-FREE ELECTRON-POSITRON 
PAIR CREATION 



A variant of the Bethe-Heitler process (1) is represented 
by bound-free e+e" pair creation [23, [H, |2§| . Here the 
e~ is created not as a free particle but in a bound atomic 
state of the projectile ion. The corresponding process 



has been observed in relativistic heavy-ion collisions, for 
example at CERN-SPS [SO^, Bound-free pair cre- 

ation by a high-energy photon in a nuclear field was, in 
principle, already calculated by Sauter in the early 1930s 
[32l |33| . Its multiphoton generalization in laser fields can 
be calculated in a way similar to Eq. with the elec- 
tronic state given by a bound Coulomb-Dirac wave func- 
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tion. When n = 2 laser photons participate in the pro- 
cess, the production rate approximately scales like [28| 



R 



(2) 
hf 



5c4 



(7) 



Here, 



denotes the threshold photon frequency de- 



termined by nwmin = 2m — Sa, with the atomic binding 
energy Sa- The exponent k depends again on the laser 
polarization: k « 0.5 for linear polarization and k « 1 
for circular polarization. The Z scaling is typical for an 
electron capture process [3T|. When an LHC proton col- 
lides with an xuv pulse, bound-free pair creation proceeds 
by single photon absorption (Sauter limit) with a rate of 

« 6.09 X IQ-^ s-\ as shown in Table I. For Pb im- 
pact the absorption of two photons is required so that an 
additional ^ 10^^ factor appears in the total rate. The 
reduction by this factor, however, is overcompensated by 
the strong Z dependence in Eq. ([7]). As a result, the two- 
photon rate from Pb is larger than the one-photon rate 
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from protons and amounts to R^^ « 4.08 x 10~^ s 
both cases the electron is assumed to be captured to the 
lsi/2 ground state which gives the major contribution 
to the process due to its broad momentum distribution. 
The contribution from higher atomic levels slightly en- 
hances the rate by ~ 15% [H, [s^l- The rate for non- 
linear bound-free pair creation by Pb impact is larger 
by an order of magnitude than the corresponding cre- 
ation rate of free pairs. This is due to the stronger Z 
scaling in combination with the weaker frequency depen- 
dence of the bound-free channel [cp. Eqs. ([S]) and ([7])]. 
The total number of events, taking the spatio-temporal 
beam parameters into account, is 1.6 s^^ which should 
be accessible to experiment. It is interesting to note that 
antihydrogen atoms could be produced in collisions of 
APTs with antiprotons, with the rate r'^^ given above. 
The corresponding process in relativistic antiproton-ion 
collisions was realized a decade ago at the CERN-LEAR 
facility H. 



IV. MUON PAIR CREATION 

With x-ray rather than xuv frequencies also nonlinear 
pair creation could be realized at LHC [s^. Cor- 
responding table-top sources of intense APTs with fre- 
quencies up to the keV domain are anticipated by surface 
harmonics in the relativistic regime of laser-plasma inter- 
action [1^. Moreover, apart from the large-scale XFEL 
facilities presently under development, there are also ef- 
forts to build table- top XFEL devices [111 . According to 
optimistic estimates, these might reach comparable oper- 
ation parameters due to very high quality of the driving 
electron beam, /i'^/i" production requires higher laser 
frequencies because of the large muon mass « 207m 
and the rate scaling ~ where = ^m/m^ and 

n ~ m^/w. In contrast to e'^e~ creation, the finite size 
of the projectile nucleus has to be taken into account 



here since the typical momentum transfer q ~ m^ is of 
the order of the inverse nuclear radius. As usual, this 
introduces the nuclear form factor F = F{q^) into the 
reaction rate by virtue of (37j 



R^ = Ra[Z'F' + Z{l-F% 



(8) 



The term ~ Z^ accounts for the elastic channel where 
the nucleus remains in its ground state and the Z pro- 
tons act coherently; the term ~ Z describes the inelas- 
tic channel involving nuclear excitation and incoherent 
proton action. i?o denotes the reaction rate for a point- 
like proton; for the case of two-photon muon creation 
close to threshold, i?o is given by Eq. © with the re- 



placements m 



and C — > Cp. For simplicity we em- 



ploy in our calculations a spherically symmetric Gaussian 
charge distribution, whose free parameter is adjusted to 
reproduce the measured rms charge radius. We assume 
an x-ray beam of frequency ujo = 12keV and intensity 
parameter = 6.8 x 10~^ [20]. This corresponds to 
an intensity of order 10^^ W/cm^ which can be achieved 
by improved x-ray focussing techniques. When colliding 
with the LHC proton beam, muon pair creation is pos- 
sible via two-photon absorption and occurs with a rate 
25 X 10-5 s-Msee Table I). This result has 



(2) 



of R^ 

already been reported in [35| . We note that a similar rate 
can be expected for tt+tt" creation. The LHC Pb beam 
produces muons with much lower efficiency since three 
photons are needed to bridge the energy gap, which sup- 
presses the process by a factor ^ 10^^. Besides, the 
production mainly proceeds through the inelastic chan- 
nel because of the large nuclear size of Pb, so that its 
charge enhances the rate by a factor Z only. As a con- 
sequence. Coulomb corrections are of minor importance 



here [31|. The resulting rate is i?^^' w 6.59 x 10" 
which seems hardly observable. Experimental studies of 
production should therefore rely on the LHC pro- 
ton beam. The total event rates are reduced by the fact 
that the beams overlap only partially since a sub-/im 
waist size of the x-ray pulse is required to obtain suf- 
ficiently high intensity. As a background process, also 
e~^e~ pairs are produced by single-photon absorption 
in the nuclear field. The rate is given by Eq. ([3]) and 
amounts to ~ x 10^^ s^^ in the lab frame. We em- 
phasize that this rather strong background process does 
not deplete the x-ray beam: assuming a pulse duration 
of 100 fs and a focal radius of 100 nm, the latter contains 
about 10^*^ photons, whereas only ~ x 10"^ e+e" 
pairs are generated per ion. 

Finally, we point out that e^e~ pair production might 
also become feasible within an all-optical setup where a 
relativistic proton beam is generated by laser wakefield 
acceleration instead of the LHC. In the so-called laser- 
piston regime, proton energies corresponding to 7 « 50 
have been predicted [38| . According to the simulations, 
each proton bunch contains ~ 10^^ particles and has a 
transverse radius of about 5 /im. When combined with an 
ultrashort x-ray pulse produced from plasma harmonics 
{ujQ w 5 — lOkeV), the energy threshold for e+e" pair 
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creation would be overcome by two-photon absorption 
leading to a total rate of ~ bs'^. 

V. CONCLUSION 

In conclusion, lepton pair creation via the nonlinear 
Bethe-Heitler process in relativistic laser-ion collisions 
has been considerd. A feasible setup for the first ob- 
servation of this process could be obtained by combining 
two cutting-edge technologies which are usually consid- 
ered unrelated, namely an attosecond xuv photon source 
with CERN-LHC. In contrast to earlier proposals this 
combination is, in principle, readily available since such 
laser pulses are produced by table-top devices. In con- 
junction with the LHC Pb beam, event rates approaching 



A''ov Is"""^ could be achieved for the creation of free or 
bound-free e'^e~ pairs via absorption of two real photons. 
By envisaged compact x-ray devices and the LHC proton 
beam also pairs could be produced in this manner, 

though at lower rates [s^. Nonlinear laser polarization 
effects could be tested and contributions from next-to- 
leading order terms revealed. The zeptosecond duration 
of the pulses in the ion frame holds prospects for time- 
resolved pump-probe studies on the QED vacuum. 
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